systems from 12 controls are presented and discussed in the context of existing histology and animal work. Conclusion Considering that the investigated brainstem nuclei play a crucial role in several vital functions, the delineated preliminary connectomes might prove useful for future in vivo research and clinical studies of human brainstem function and pathology, including disorders of consciousness, sleep disorders, autonomic disorders, Parkinson's disease, and other motor disorders.
Introduction
In vivo investigation of the functional connectivity of brainstem nuclei (Bn) with other subcortical and cortical regions (brainstem-brain connectome) at rest lags far behind the delineation of resting-state connectomes of other brain regions, such as the cortex and other subcortical areas [1] [2] [3] . This is because precise anatomical localization of several of these nuclei by conventional structural neuroimaging has remained elusive. Additionally, a brainstem-brain connectome would simultaneously require high spatial resolution and whole-brain coverage, a condition usually difficult to meet due to limited sensitivity in deeper parts of the brain and limited speed of conventional functional magnetic resonance imaging (fMRI) techniques.
An in vivo brainstem-brain functional connectome could prove useful as a biomarker of disease, including devastating conditions such as coma and Parkinson's disease. Human gray matter Bn are indeed regulatory centers of vital functions, such as arousal, autonomic homeostasis,
Abstract
Objective Our aim was to map the in vivo human functional connectivity of several brainstem nuclei with the rest of the brain by using seed-based correlation of ultrahigh magnetic field functional magnetic resonance imaging (fMRI) data. Materials and methods We used the recently developed template of 11 brainstem nuclei derived from multi-contrast structural MRI at 7 Tesla as seed regions to determine their connectivity to the rest of the brain. To achieve this, we used the increased contrast-to-noise ratio of 7-Tesla fMRI compared with 3 Tesla and time-efficient simultaneous multi-slice imaging to cover the brain with high spatial resolution (1.1-mm isotropic nominal resolution) while maintaining a short repetition time (2.5 s). Results The delineated Pearson's correlation-based functional connectivity diagrams (connectomes) of 11 brainstem nuclei of the ascending arousal, motor, and autonomic Electronic supplementary material The online version of this article (doi:10.1007/s10334-016-0546-3) contains supplementary material, which is available to authorized users. sensory and motor relay, cranial nerve function, and nociception; notably, impairment in the regulation of these functions has been associated with disorders of consciousness, sleep disorders, cardiovascular disease, psychiatric disorders, motor disorders, chronic pain, and altered autonomic functions [4] [5] [6] [7] [8] [9] [10] .
The aim of this work was to demonstrate the feasibility of measuring the resting-state functional connectivity of several brainstem nuclei with other brain areas in healthy individuals and to provide an in vivo preliminary baseline functional brainstem-brain connectivity diagram (connectome), which might be useful for future research and clinical studies of the brainstem in health and disease. To achieve whole-brain coverage, high spatial resolution, nonprohibitively long repetition time (TR) and high fMRI sensitivity required to delineate an in vivo brainstem-brain functional connectome, we took advantage of ultra-highfield fMRI for brainstem imaging and recent advances in the MRI acquisition speed. First, we focused on the specific Bn of the ascending arousal, autonomic, and motor systems that we recently delineated using multi-contrast distortion-and resolution-matched 7 Tesla [11] . Specifically, we used this original template of Bn labels in standard (Montreal Neurological Institute, MNI) space [11] to define the location of seed regions for hypothesis-driven (i.e., based on the anatomical location of Bn) brainstembrain fMRI connectivity analysis. Further, in order to exploit the dependence of sensitivity and blood-oxygenation-level-dependent (BOLD) contrast on field strength [12] , we acquired ultra-high magnetic field (7 Tesla) resting-state fMRI data with high spatial resolution (1.1 mm isotropic voxels) while accounting for physiologic noise contributions, especially pulsatility effects around the cerebrospinal fluid (CSF) and vasculature. Finally, we employed the recently developed [13] simultaneous-multislice imaging technique to simultaneously acquire three slices at a time and thus cover the whole brain (with 123 sagittal slices) with good temporal sampling (TR = 2.5 s), as needed to delineate the brainstem-brain connectome.
Materials and methods

Experimental design
Twelve healthy individuals-six men and six women; mean age ± standard error (SE) 28 ± 1 years, range 20-36; the same individuals participating in [11] )-underwent 7-Tesla MRI (Siemens Healthcare, Erlangen, Germany) after giving written informed consent. The human protocol was approved by the Institutional Review Board of the Massachusetts General Hospital. During the 7-Tesla MRI session, individuals were asked to rest with their eyes closed while lying down in the scanner during image acquisition. Head motion was minimized with foam pads placed in the space between the interior coating of the MRI detector array and the individual's head. For radiofrequency (RF) transmission, we employed a detunable band-pass birdcage coil, and a custom-built 32-channel radiofrequency loop coil head array was used for reception.
fMRI data acquisition
We acquired 1.1-mm isotropic gradient-echo EPIs with the following parameters: matrix size/GRAPPA factor/nominal echo-spacing/readout bandwidth/N. slices/ slice orientation/slice acquisition order/echo time (TE)/repetition time (TR)/flip angle (FA)/simultaneous multi-slice factor/N. repetitions/phase encoding direction = 180 × 240/3/0.82 ms/357.1 kHz/123/ sagittal/interleaved/32 ms/2.5 s/75°/3/210/anteriorposterior. fMRI data were acquired during the same session and with the same spatial resolution, echospacing, and phase-encoding direction as multi-contrast EPI images of [11] used to generate the probabilistic atlas of 11 Bn. To correct for spatial distortions a 2.7-mm isotropic gradient-echo (GRE) field map was acquired with the following parameters: matrix size/ bandwidth/N. slices/slice orientation/slice acquisition order/TEs/TR/FA = 270 × 270/1515 Hz per pixel/70/ sagittal/interleaved/(2.79 3.81) ms/570 ms/36°. To aid alignment of EPIs to the MNI T1-weighted template, we acquired a 1-mm isotropic T1-weighted multi-echo magnetization-prepared rapid gradient echo (MPRAGE) image: TR = 2.51 s; 4 echoes with TEs = (1.6, 3.5, 5.3, 7.2) ms, inversion time = 1.5 s, flip angle = 7°, FOV = 256 × 256 × 176 mm 3 , 256 × 256 × 176 matrix, bandwidth = 651 Hz/pixel, GRAPPA factor = 2, acquisition time 6′04″. The root-mean-square MPRAGE image across echo times was computed and the bias field corrected (SPM8, London, UK); to aid the coregistration of EPIs to the MPRAGE, blood compartments (e.g., arteries) displaying hyperintense signal in the 7-Tesla MPRAGE were identified by thresholding the image at the 95th percentile and successively masked out.
fMRI data analysis
Preprocessing
For each person imaged, EPIs were slice-timing (by FMRIB Software Library, FSL4.1, Oxford, UK) and motion (FSL4.1) corrected. EPIs were then aligned to the MNI space using the following procedure:
(1) EPIs were aligned to the MPRAGE by a whitematter-boundary-based registration (epi_reg, FSL4.1), which also included distortion correction by the use of the acquired field map (2) The nonlinear transformation that aligned the MPRAGE to the T1-weighted MNI 152 template (1-mm resolution) was computed (Advanced Normalization Tool, ANTs, Philadelphia, PA, USA) and applied to the EPIs The nonlinear registration of (2) included a generic affine transformation (computed by concatenating centerof-mass alignment, rigid, similarity, and fully affine transformations), followed by a high-dimensional, nonlinear transformation (symmetric diffeomorphic normalizationtransformation model with neighborhood cross-correlation, regular sampling, gradient step size 0.15, four multiresolution levels, smoothing sigmas 3, 2, 1, 0 voxels-fixed image space, shrink factors 6, 4, 2, 1 voxels-fixed image space, histogram matching of images before registration, data winsorization-quantiles 0.001, 0.999, convergence criterion slope of the normalized energy profile over the last ten iterations <10 −8 ); the affine and nonlinear transformations were combined into a single warp field to be applied to the EPI (for each data set, coregistration quality is shown in Fig. S1 ).
Regions outside the brain were removed (FSL4.1), and no spatial smoothing was applied.
Time courses were then corrected for physiological noise, including removal of low-frequency signals, e.g., drifts, by high-pass filtering at 0.01 Hz (AFNI, Bethesda, MD, USA), and removal of the mean time course in a region containing mainly CSF, i.e., a CSF mask [14] . The CSF mask (see also Fig. S2 ) was identified in a 5.3 × 6.5 × 7.5-cm box containing the brainstem by computing the signal standard deviation (SD) over time and considering only voxels with SD above a threshold value (>55). Crucially, the CSF mask ( Fig. S2 ) mainly contained voxels in CSF spaces neighboring the brainstem, including the forth ventricle and the cerebral aqueduct. Previous work [15] showed that removing the signal of the cerebral aqueduct is important for functional connectivity analysis of adjacent Bn, such as the periaqueductal gray. Finally, time courses were low-pass filtered at 0.1 Hz (AFNI).
Region-based correlation analysis
For each participant, we performed a region-based correlation analysis between seed and target regions in MNI space. The 18 structural probabilistic Bn labels (seven bilateral, i.e., left and right, and four medial regions, for a total of 11 different Bn) of [11] were employed as seed regions: two subregions (bilateral, i.e. 2 left and 2 right) of the substantia nigra (region 1 compatible with pars reticulata and region 2 with pars compacta), two subregions (bilateral) of the subthalamic nucleus and the red nucleus, the inferior olivary nucleus (bilateral), the raphe magnus, the median raphe, the dorsal raphe, and the periaqueductal gray. Target regions comprised the 18 structural Bn seed regions described above, as well as 48 bilateral cortical and seven bilateral subcortical regions of the Harvard-Oxford atlas [16] (probabilistic labels thresholded at 25 %), ten bilateral subregions of the cerebellum, and eight (medial) subregions of the cerebellar vermis [17] (probabilistic labels thresholded at 25 %), for a total of 156 target regions (region names listed in Figs. 1, 2 and 3). For each subject, we averaged the time courses within seed and target regions (or nodes), and computed the Pearson correlation coefficient across them, generating an 18 × 156 correlation matrix [with 18 × (18 − 1) /2 + 18 × (156 − 18) = 2637 correlation values above the diagonal]. To test for statistical significance, the one-sample Student's t test was performed on correlation values across individuals, with the null hypothesis of zero correlation, followed by false discovery rate (FDR) correction for multiple comparisons (q = 0.05) across the whole matrix. For each seed region, a connectome of significant correlation values (which we call connections, or links) at the group level was displayed using a circular 2D representation (Matlab v. 8.4, Natick, MA, USA), similar to the one proposed in [2] .
Connectivity metrics
With the aim of evaluating the connectivity of target regions with Bn, for each target region (whole-brain nodes, including Bn themselves), we computed standard connectivity metrics of graph theory [18] :
(a) The target-node degree as the number of links connected from Bn to each target region (b) The target-node strength as the sum of Pearson's correlation values (weights) of links connected to the target region (c) The target-node mean strength as the target-node strength divided by the target-node degree As a measure of connectivity of seed regions (Bn) to the rest of the brain, for each seed region (Bn), we measured:
(a) The seed-node degree as the number of links originating from Bn to target regions (b) The seed-node strength as the sum of Pearson's correlation values (weights) of links originating from Bn to target regions (c) The seed-node mean strength as the seed-node strength divided by the seed-node degree
We separately computed seed-node degree/strength/ mean strength toward Bn (i.e., considering as target regions Bn only), as a measure of brainstem-brainstem (i.e., local, short distance) connectivity and seed-node degree/strength/ mean strength toward the rest of the brain (target regions outside the brainstem), which measures the brainstembrain (i.e., distal, long-range) connectivity. single-subject Bn labels [11] as seed regions for connectivity analysis rather than probabilistic Bn labels [11] . Single-subject Bn labels were delineated in [11] , using multicontrast anatomical EPIs acquired in the same individuals, during the same session, and with the same spatial resolution and geometric distortion as the functional EPIs of this work. We coregistered single-subject Bn labels to MNI space using nonlinear transformations and computed the 
Variability across the population
We assessed the variability of connectivity results across the population by computing the coefficient of variation of the correlation matrix across individuals. We also assessed possible gender difference in connectivity results by computing the similarity (correlation) between the correlation matrix averaged across male participants and female participants.
Results and discussion
In the following sections, we present the estimated connectomes and compare them with expected connectivity pathways derived from prior work. We then summarize the properties of local (brainstem-brainstem) and distal (brainstem-brain) Bn connectivity emerging from the analysis of basic connectivity metrics based on graph theory. Moreover, we show the validity of using the probabilistic Bn atlas to delineate the Bn connectome in fMRI data precisely coregistered to MNI space and assess the variability of connectivity results across individuals. Further, we discuss the employed seed-based functional connectivity approach with respect to other approaches and evaluate the limitations of this work. Finally, we emphasize the potential of the developed connectome as a preliminary connectivity profile, which might prove useful for future clinical and research work.
Connectome of Bn of the motor network
In Fig. 1 , we show the region-based functional connectome at the group level of the left red nucleus-subregion 1, left red nucleus-subregion 2, and left inferior olivary nucleus, which pertain to the motor system. Similar results were obtained for the right inferior olivary nucleus, right red nucleus-subregion 1, and right red nucleus-subregion 2 (for each region, similarity between the correlation values of left and right nuclei was significant, at p < 0.0002).
The red nucleus-subregion 1 displayed significant connectivity with other motor system Bn (inferior olivary nuclei, red nucleus-subregion 2, and the two subregions of subthalamic nuclei and substantia nigra), with the cerebellum, fronto-orbital and insular regions, areas of the limbic system (e.g., anterior division of the cingulated gyrus, paracingulate and parahippocampal gyri, hippocampus), with basal ganglia (thalamus, caudate, putamen, and pallidum), and precuneus among other regions, in agreement with previous work [19, 20] . Nevertheless, neither subregion 1 nor 2 of the red nucleus connected with the inferior olivary nuclei despite their structural connection via the rubro-olivary tract [19] . Interestingly, connectivity of subregion 2 of the red nucleus only partially overlapped with that of subregion 1, with a marked decrease in connectivity with several cerebellar regions in the former compared with the latter, and with stronger connectivity with cortical motor areas, such as the precentral gyrus and supplementary motor cortex (which in the Harvard-Oxford atlas is called juxtapositional lobule cortex).
Connectivity of the inferior olivary nucleus was very dense and included most of the cerebellum, motor regions (precentral gyrus and juxtapositional lobule cortex), putamen, and pallidum, as expected from previous work [21] as well as limbic areas and temporal and occipital regions, among others.
Region-based connectomes at the group level of the left substantia nigra-subregions 1 and 2 and left subthalamic nucleus-subregions 1 and 2 are shown in Fig. 2 . Similar results were obtained for the right substantia nigra-subregions and subthalamic-subregions (for each region, the similarity between correlation values of left and right nuclei was significant, at p < 0.0002).
Our results show that the two subregions of substantia nigra and subthalamic nucleus were strongly connected to each other, the thalamus, dorsal striatum (caudate, putamen), ventral striatum (accumbens), pallidum, motor cortex (precentral gyrus and juxtapositional lobule), nodes of the default-mode network (such as precuneus and posterior cingulate), frontal areas (e.g., frontal pole, superior and middle frontal gyrus), cerebellum (e.g., strongly with cerebellum vermis VI), and limbic regions (e.g., anterior cingulated and paracingulate areas, hippocampus). This is in line with previous ex vivo work and in vivo structural connectivity work demonstrating the existence of these connectivity pathways of the motor-basal-ganglia system (see [22] [23] [24] [25] for the substantia nigra and [26, 27] for subthalamic nucleus). Interestingly, both subregions of the subthalamic nucleus (and not exclusively one or the other subregion) identified in [11] were functionally connected to both limbic and motor areas, in contrast with the existence in primates of spatially distinct limbic and motor (as well as associative) zones of the subthalamic nucleus [26, 27] . Further, the two subregions of the substantia nigra [11] did not display a strong preferential connectivity pattern toward either the dorsal or the ventral striatum, as shown for previous subdivisions of the substantia nigra [22, 25] ; this finding might be related either to the polysynaptic nature of the generated Pearson's correlation-based connectome or to the specific location of the two subregions within the substantia nigra.
Connectome of Bn of the ascending arousal and autonomic networks
The region-based connectome at the group level of the median raphe, dorsal raphe, raphe magnus, and periaqueductal gray, which pertain to the ascending arousal and autonomic networks, is shown in Fig. 3 .
Our results show that Bn of the arousal system, such as the median raphe, displayed significant connectivity with the thalamus, basal forebrain (e.g., accumbens), other Bn of the arousal/autonomic system (e.g., dorsal raphe, periaqueductal gray), limbic regions (paracingulate gyrus, anterior division of the cingulated gyrus, cerebellum VI-part of the salience network [28, 29] -and the hippocampus), as expected from previous work [4, 5, [30] [31] [32] . The median raphe also displayed significant functional connectivity with regions belonging to the default mode network [29, 33] (precuneus, posterior division of the cingulated gyrus, anterior and posterior divisions of the middle temporal gyrus, thalamus, hippocampus, cerebellum crus IX), and to the executive network [29, 34, 35] (frontal pole, cerebellum Crus I, Crus II, III) and basal ganglia (putamen, thalamus), among other areas. Interestingly, connectivity pathways of the median raphe (e.g., with the anterior cingulate, thalamus, basal ganglia, cerebellum) partially overlapped with those delineated in recent fMRI work [36] based on the identification of the median and dorsal raphe by serotonin transporter positron emission tomography (PET) imaging performed on the same individuals as those undergoing fMRI.
The connectome of the dorsal raphe was very sparse (significant connectivity only with the periaqueductal gray, median raphe, and right cerebellum crus IX), as opposed to the widespread connectivity pathways expected from previous work in rats (e.g., with thalamus, midbrain, amygdala, dorsal and ventral striatum, basal forebrain, lateral hypothalamus, and several cortical regions [31, 32] ).
The periaqueductal gray displayed strong connectivity with the thalamus, accumbens, cerebellum, executive network (frontal pole, cerebellum Crus I, Crus II, III), and some limbic regions of the salience network (paracingulate gyrus, anterior division of the cingulated gyrus, cerebellum VI), as expected from previous work [8, 37] , yet connectivity with the amygdala and raphe magnus was not significant. It also displayed strong connectivity with the basal ganglia (caudate putamen, pallidum), default-mode network (precuneus, posterior cingulated gyrus, cerebellum VI), and other Bn, such as the dorsal and median raphe, red nucleus-subregion 1, and substantia nigra-subregion 1. The raphe magnus displayed significant (yet sparse) connectivity with motor regions (e.g., neighboring inferior olivary nuclei and several lateral and medial cerebellar regions), as expected for this autonomic motor nucleus [38] , which senses changes in the internal and external environment and modulates the motor output to maintain homeostasis.
Connectivity metrics of the brainstem-brain connectome
Results of graph-based analysis of connectivity metrics are displayed in Fig. 4 .
Graph-theory-based analysis of connectivity metrics showed that 46 % of brain regions were target hubs of Bn (i.e., brain regions that displayed the highest-and above average-connectivity degree with the investigated Bn), including thalamus, limbic regions (e.g., paracingulate gyrus, anterior division of cingulated gyrus), regions of the default-mode network (e.g., precuneus, posterior division of the cingulated gyrus) and the executive network (such as frontal pole, superior frontal gyrus), several cerebellar regions (e.g., Vermis VIIa, Vermis IX, I-IV), basal ganglia (putamen, caudate, accumbens), motor cortices (precentral gyrus, juxtapositional lobule), and sensory regions (Heschl's gyrus, lateral-occipital cortex, postcentral gyrus). Among Bn, midbrain nuclei (i.e., the two subregions of the substantia nigra, red nucleus, and subthalamic nucleus), followed by the periaqueductal gray and median raphe, were the target Bn with the highest connectivity with other Bn.
Interestingly, as seed regions, the inferior olivary nuclei (followed by the red nucleus-subregion 1) displayed the highest brainstem-brain distal connectivity yet exhibited a low local (brainstem-brainstem) connectivity. Further, the two subregions of the substantia nigra had the highest local connectivity and moderately high distal connectivity, while the periaqueductal gray had intermediate local and distal connectivity.
Preliminary validation of the probabilistic Bn atlas use
For each Bn label, connectivity results obtained with the probabilistic Bn labels showed a high degree of similarity with respect to those obtained using single-subject labels (p < 0.05 × 10 −34
) (see Fig. S3 ). This may indicate low variability in individual brainstem anatomy (for instance, due to residual misalignment of single-subject EPIs to the probabilistic Bn atlas space and/or variation in Bn shape, size, and location). Thus, this comparison provided a preliminary validation of the use of the probabilistic Bn atlas to automatically identify the location of Bn in fMRI data precisely co-registered to MNI (i.e., the Bn atlas) space.
Variability of connectivity values across individuals
To provide the range of variability of connectivity results across the study population, the coefficient of variation of correlation values (mean ± SE. across significant correlation values, q = 0.05, FDR corrected) for each Bn is shown in supplementary Fig. S4 . The dorsal raphe, periaqueductal gray, and raphe magnus displayed the highest variability across individuals, the midbrain nuclei and the median raphe the lowest. A high degree of similarity was observed between the correlation matrix averaged across male participants and that across female participants (r = 0.7, p < 10
), indicating low variability of connectivity results across gender.
Methodological strengths and limitations
Our knowledge of brainstem structural and functional connectivity pathways largely derives from prior animal and ex vivo work [7, 8, 22-26, 30-32, 37-39] . Several factors have hindered the development of an in vivo functional brainstem-brain connectome, most of all the difficulty of precisely localizing Bn in neuroimages of living individuals, as well as the demanding fMRI acquisition requirements to map these pathways: high sensitivity, high spatiotemporal resolution, and whole-brain coverage-including the brainstem. The preliminary functional in vivo brainstem-brain connectome developed here was obtained by overcoming these technological limitations by using a 7-Tesla scanner and simultaneous-multi-slice imaging and by building upon a recently developed Bn template in MNI space [11] , which aided the automatic localization of Bn in our fMRI co-registered to MNI space. This approach enabled construction of a hypothesis-driven connectome, i.e., a connectome based on the a priori anatomical knowledge of Bn location [11] -as opposed to previous work [40, 41] , which employed a data-driven independent-component-analysis-based identification of functionally connected brainstem regions.
The generated connectome and its interpretation strictly depend on the parcellation method employed: first, because the functional parcellation of brainstem regions provided by data-driven methods, such as independent component analysis, might not fully spatially overlap with the structural probabilistic Bn atlas target nodes the thalamus, regions of the limbic system (e.g., paracingulate gyrus, anterior division of the cingulate gyrus), default-mode network (e.g., precuneus, posterior division of the cingulated gyrus), executive network (e.g., frontal pole, superior frontal gyrus), cerebellum (e.g., Vermis VIIIa, Vermis IX, I-IV), basal ganglia (putamen, caudate), and sensory motor networks (e.g., juxtapositional lobule, Heschl's gyrus, lateral occipital, precentral, and postcentral gyrus) displayed the highest connectivity with Bn. Among seed regions, the inferior olivary nucleus showed the highest distal (brainstem-brain) connectivity, and the two subregions of the substantia nigra showed the highest local (brainstem-brainstem) connectivity employed in this work (see [42] for our preliminary comparison of the two methods, showing on average across Bn a spatial overlap between the two methods of ~40 %); second, because the adopted region-based correlation approach evaluates only correlation of averaged time courses of seed and target regions and does not capture the variability of signals across voxels within each region, resulting in possible information loss, as opposed to data-driven whole-brain voxelwise clustering approaches [43] , and data-driven methods based on independent component analysis [44] .
Methodological limitations of Pearson's correlationbased functional connectivity might confound the Bn connectome interpretation. For instance, functional connectivity based on Pearson's correlation coefficient might detect spurious indirect connections (two regions might be indirectly correlated because each of them correlates to a third region or because of the presence of a common source of fluctuations-for instance systemic physiological noise or large draining-vein effects), thus confounding interpretation of the obtained functional connectome. Spurious indirect connectivity might especially confound the connectivity pathways of spatially neighboring Bn (such as, for instance, the two subregions of the substantia nigra, subthalamic nucleus, red nucleus, or raphe magnus and neighboring inferior olivary nuclei). To tackle possible confounds of Pearson's-correlation-based functional connectivity, future work will investigate the functional connectivity of Bn by other methods-for instance, partial correlation analysis [45] , which takes into account spurious correlations but at the expense of some sensitivity (thus requiring longer scan times), as well as by using more comprehensive physiological noise models [46] .
The Bn connectome was developed for use in a young adult population. Considering that functional connectivity of the Bn might vary with maturation and aging processes, care must be taken when translating the knowledge derived from this connectome to different age cohorts, including children and older adults.
On the use of the developed in vivo Bn functional connectome
The developed preliminary Bn connectome brings new information to the complex in vivo wiring diagram of the brain [1-3, 47, 48] , and we foresee that it might advance our understanding of in vivo arousal, autonomic, and motor mechanisms in health from a network-level perspective. Crucially, if further developed and characterized, it might also facilitate detecting which specific Bn pathways are impaired at the single-subject level in patients with brainstem structural and functional pathologies (e.g., disorders of consciousness, sleep disorders, chronic pain, cardiovascular disease, Parkinson's disease [4] [5] [6] [7] [8] [9] [10] [49] [50] [51] ). Connectomes have been used in previous work to assess consequence and monitor progression of recovery from network-level brain damage due to traumatic brain injury [52, 53] , as well as to assess brain development [54] .
Conclusion
The brainstem plays an important role in several vital functions, e.g., arousal, autonomic function, motor control, nociception [30] . Consequently, mapping the brainstem connectome is important for both understanding normal brain function in these domains and associated pathologies [4] [5] [6] [7] [8] [9] [10] . However, the complex wiring diagram of the in vivo human brainstem-brain connectivity pathways is underdeveloped compared with that of the rest of the brain, e.g., cortex and other subcortical regions such as thalamus and striatum [1-3, 47, 48] . In this work, we built a preliminary functional map of 11 Bn connections with the rest of the brain in healthy young adults. This connectome, although preliminary in nature because of the inclusion of relatively few Bn (only 11 compared with >100 Bn identified ex vivo [30, 55, 56] ), is a stepping stone toward a more comprehensive understanding of brainstem functional connectivity in humans. This work extends the ambitious efforts of the Human Connectome projects [3, 57] aimed at charting the complex wiring diagram of the healthy human brain using a combination of imaging technologies and existing brain atlases [58] [59] [60] . Our work demonstrates the feasibility of mapping the functional connectivity between Bn [11] and other brain areas in individuals and of delineating a group connectome of these nuclei. We hope the developed Bn connectome of the ascending arousal, autonomic, and motor systems may pave the way for future studies of brainstem circuitry in pathologies that entail disruption of pathways of these functional domains [4] [5] [6] [7] [8] [9] [10] .
